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Inclusive Jets

Inclusive Jet Production pp — jetX

* PDFs are constrained by collider jet data, especially g(z), Ag(z)

e Determination of o

* High prjets are a promising observable for the search of BSM physics at the LHC
* Jet quenching studies in AA and eA

e Same framework for ee and ep

see talk by Alberto Accardi and Ivan Vitev
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Inclusive Jets

Recall Inclusive Hadron Production pp — hX

Factorization

doPP—=hX  op. L de L day, Y dz. doc, (3, pr, 1, 1)
— a a a _ c a ) A Dh .
dedn S a;/;pglin T f (ZU nu) /mznin T fb(xbnu> /Zénin zg dvdz c(z 7:“)
timelike DGLAP for FFs
d as (1) Ldy 2
M@D?(z,u) = Z/ — L (;,u) D2, )
j y
hadron, pr,n Aversa, Chiappetta, Greco, Guillet "89,

Jdger, Schdfer, Stratmann,Vogelsang " 04
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Inclusive Jets

Inclusive Jet Production pp — jetX

Factorization Kang, FR,Vitev " 16

do-pp_ﬁietX 2p 1 dCCa 1 dx ! dzc do¢ §7ﬁ 7/\7
~ S [ e e [ e hen [ LTIy o,

dprdn § S Jpmin Za min T min 22 dvdz

jetaPTﬂ?
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Inclusive Jets

Inclusive Jet Production pp — jetX

Factorization Kang, FR,Vitev " 16

doPp—ietX oy L de, L de Y dz. doC, (3, pr, 1, 1
- - Z/ . fa(xamu)/ —bfb(xbvﬂ)/ b( - )JC(ZC,UJJ,,LL)

dprdn § S Jpmin Za min T min 22 dvdz

timelike DGLAP for semi-inclusive jet function

7

d s (1 Ldz 2
u@Ji(z,w,u) _ 0l )Z/ — L (g,u) Ji(2,wy, 1)
j z

—— resummation of ~ (asInR)"

jetaPTﬂ?
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Inclusive Jets

Semi-inclusive jet function in SCET at NLO

* The siJF describes how a parton (gor g) is transformed into a jet
with radius R and energy fraction 2

. A A A
initiating parton w w

(A) (B) (C)
where z2=wjyfw
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Inclusive Jets

Semi-inclusive jet function in SCET at NLO

Leading order

G ?zﬂgb

MS scheme, anti-kr

Jéo) (z,wy) =6(1— 2)

s L8 1, 1, 3 13 30
Jo(zws) =0(1 = 2)57Cr [62+2e+eL+2L Tt ]
12 cf. exclusive jet production
where L=ln( 5 ) . . . :
w tan?(R/2) Ellis, Vermilion, Walsh, Hornig, Lee " |0
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Inclusive Jets

Semi-inclusive jet function in SCET at NLO

Leading order

C'%D

MS scheme, anti-kr

Jéo) (z,wy) =6(1— 2)

Jo(2,wy) =0(1 — 2) —C’p —+%L ]

. cf. exclusive jet production
MU (w 2 tan?( R/2) Ellis,Vermilion, Walsh, Hornig, Lee " 10

as [(1 1+2% — o (In(1—2)\ .
+27r[(e 1—-2). 231 z)( 1—2 )+ (1 z)]
» only a single logarithmic In R remains ﬁj
> Los Alamos
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Inclusive Jets

Semi-inclusive jet function in SCET at NLO

MS scheme, anti-kr
Jél)(z, wJ) =Jq—>qg(z) wJ) + Jq—)q(g) (z,wy) + Jq—)(q)g(Z, wJ)

=" (l + L) [qu(z) + qu(Z)]

€

_ ;—;{CF [2 (1+ 2% (ln(l —z))+ +(1 —z)] — 6(1 — 2)d%™

1—2

+ Pye(2)2In(1 - 2) + sz}

e 13 272
where 5T =Cp ( . ;r )

< S P

(A) (B) (C)
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Inclusive Jets

Renormalization and RG evolution

Bare - renormalized semi-inclusive jet function

1 !
dz z
Jz‘,bare(Z,wJ) — E / _z’ Zz'j (?,#) Jj(z,aw.],ﬂ)
j z

1 !
RG equation d . _ dz’_j (% (o
q #dﬂJz(z)wJa/-l') ZJ:/; o ’ng (z,)#) JJ(Z an,#’)'
A | di . 7 B L dz -1 (2 d 7 (o
nomalous dimension 'n-j(z,u)——; i — L)k (;,#) e ki (2 1)
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Inclusive Jets

Renormalization and RG evolution

We find
(2, m) = = ('U)P i(2)
d " ld
> #d_Jl(sz a”’) aiﬂ)gl ZZ,P (z,nu)‘](z W],[.L)
DGLAP evolution equation like for FFs. Resums single 1n R: LLr, NLLpg

see also
Dasgupta, Dreyer, Salam, Soyez 15, " 16
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Inclusive Jets

where

Jet function evolution

d JS(z,wJaP’) . QS(#’) qu(z) 2Nngq(z) R JS(z’wJa#’) 4 K
dlog IJ'Q Jg(Z,CUJ,,LL) 2m qu(Z) ng(Z) Jg(Z,wJaIJ')
initial condition contains distributions in 1 — 2 pg = phit
Ts(erwon ) = 3 Jaleswors 1) = 2Ny Ja(zsi0 ) (singlet jet function)
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Inclusive Jets

Jet function evolution

d JS(Z, W_],ﬂ/) . Q‘S(M) qu(Z) 2Nng(I(z) R JS(z)stIJ’) 4 K
dlog ”2 Jg(Z,CUJ,,LL) 2m qu(Z) ng(Z) Jg(Z,wJaIJ')
initial condition contains distributions in 1 — 2 pg = phit
where Js(z,wy,p) =Y Jo(z,wr, 1) = 2Ny Jg(2, w1, 1) (singlet jet function)
q.9
1
solve in Mellin space: f(N) =/ dzzV 71 f(2)
0

(f®g)(N) = f(N)g(N)

» Los Alamos

NATIONAL LABORATORY




Inclusive Jets

Jet function evolution

solve in Mellin space to LLg
JS(N) OJJ,[L) — le QS(/J‘) —r-(N) e aS(IJ‘) —r+(N) JS(N) anU'J)
(JQ(N,wJ,u)) - l W (o) e (3 Io(N,wi ),

see
where ei(N)= = (qu(N) ~r=(N) 2Ny Poy(N) ) Vogt "04 (Pegasus),
r+(N) —r5(N) Pyg(N) Pyg(N) —r=(N) Anderle, FR, Stratmann |5

r+(N) =

280 [qu(N) + Pygg(N) \/(qu(N) Pyg(N))* + 4qu(N)qu(N)]
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Inclusive Jets

Jet function evolution

solve in Mellin space to LLg
JS(N’ wJuu') — |e CYs(/-l‘) —r-(N) o QS(IJ‘) —r+(N) JS(N) wJal‘J)
(JQ(N,wJ,u)) - l W (o) e (3 Io(N,wi ),

see
where ei(N)= ! (qu(N) ~r=(N) 2Ny Poy(N) ) Vogt "04 (Pegasus),
r+(N) —r5(N) Pyg(N) Pyg(N) —r=(N) Anderle, FR, Stratmann |5

re(N) = [qu(N>+ng(N ) 1/ (Paa(N) — Py (IV))? +4qu(N)qu(N)]

280

Mellin inverse

1

Jsg(z,wy, 1) = 2_m/C AN 27N Jgo(N,wy, 1)
N
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Inclusive Jets

—>  Adopt a prescription used for quarkonium fragmentation functions
Bodwin, Chao, Chung, Kim, Lee, Ma " | 6

evolved jet functions

LLr DGLAP
evolution
Y H
pg = pk
see

Vogt 04 (Pegasus),
Anderle, FR, Stratmann " | 5
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Inclusive Jets

do / dot,0

1.5]

0.5

NLO ——
NLO+LLg
L I L L L L I

V5 =8TeV, |n| < 0.5
PR S S T | PR |
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500 1000
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Inclusive Jets

Inclusive Jet Production in SCET pp — jetX

pp 5.43 pb (2.76 TeV)
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Inclusive Jets

Inclusive Jet Production in SCET pp — jetX
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Inclusive Jets

Inclusive Jet Production in SCET pp — jetX

Dbtttk ket — et — dedddd——d—d—d et —— etttk dd—d—d ettt —

Data systematics ##i NNPDF systematics 2% CT10n systematics

Data/MC

100 150 200 250 100 150 200 250 100 150 200 250

pr
1.5
i R=0.2 R=0.3 R=0.4
Q Z
T
5 i
= S —
2 [
2 0.9} - -
% i anti-kr, /s = 2.76 TeV
j n| <2
O ..... PP PP [ I PP Loy [ I PP PP l
100 200 300 100 200 300 100 200 300
pPT
L%sAlamos
arXiv:1609.05383 NATIONAL LABORATORY

EST.1943

22



Qutline

® The Jet Fragmentation Function in pp

Kang, FR,Vitev "1 6
Kang, FR,Vitev "1 6
Kang, FR,Vitev - in preparation

» Los Alamos

NATIONAL LABORATORY

23



Jet fragmentation function pp — (jeth)X

* Jet substructure observable studying the distribution of hadrons inside a jet

* Provides further constraints for fits of fragmentation functions
* Possible studies include spin correlations and
e Differential probe for the modification of jets in AA and eA  see talk by Ivan Vitev

hadron, p'

jetva
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Jet fragmentation function

hadron : 2

I Ji: R, y, pr
doh do Y7

dydprdz/! dydpr

Definition: F(z,pr) =

where z = pr_’}/pT

It describes the longitudinal momentum distribution
of hadrons inside a reconstructed jet

» Los Alamos
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Jet fragmentation function in pp

hadron : 2z

o . o I Ji: R, y, pr
* Fragmenting jet function studies within SCET S

Procura, Stewart " 10; Liu "I I; Jain, Procura, Waalewijn " I |

and ’l 2; Procura, Waalewijn " | 2; Bauer, Mereghetti " | 4;

Baumgart, Leibovich, Mehen, Rothstein " | 4,

Chien, Kang, FR,Vitev, Xing " 15,

Bain, Dai, Hornig, Leibovich, Makris, Mehen " I 6, = J>2
Bain, Makris, Mehen " 16 ...

* Jet fragmentation function studies at NLO for pp

Arleo, Fontannaz, Guillet, Nguyen " | 4,
Kaufmann, Mukherjee,Vogelsang " 15
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Semi-inclusive fragmenting jet function

W Wh,
QQ(‘Z1 zh’w-]) where z = — y Rh = =
) Wy
Leading-order, e.g. Qg’(o)(z, zh,wy) =6(1 — 2)6(1 — z)
NLO
 fragmenting parton  wp # Wy Wh = Wy Wh = Wy
If _—u‘;éeg? \‘\‘f'—
* jet Wy =w . Wy Fw wy FwW
- A A
* initiating parton w W W

» Los Alamos
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quark-quark:

q, bare(z Zh, wJ’I‘)

MS scheme, anti—

kT

Semi-inclusive jet function

q
£—q
(A) (B) (C)

IR

5(1 - 2)8(1 — z,) + ;’—W Po(21)8(1 — 2)
uv
+ quq(Z)a(l - Zh)

+6(1 - z) A [2cp(1 22) (lnil_‘zf")) + Cp(1 = 21) + 2Pyq(z1) In z,,]
v/ +

~8(1 - z,,)z—’ [2c,~(1 + 2% (“‘(1 - z))* +Cp(1 - z)] ,

l1—-2

> Los Alamos
NATIONAL LABORATORY
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Renormalization and RG evolution

d ; Ld
Bare - renormalized: #ng(%zh,wh = _Z7gc ,,u Gl (2, 2h,ws, 1)
Qg
where vl = 2o
as
,ud Gi(z, 2, w., 1) (# Z/ )QJ(Z 2hy W5 1)
.. same DGLAP RG equations as before, resums In R
d gg(Z, ZhyWJ, ﬂ') _ QS(”’) qu(Z) 2Nngq(z) R gg(z, ZhyWJ, #)
dlog p? Qs’]‘(z,zh,w.;, ) 2m  \ Py(2)  Pyy(2) Gh (2, zn,wy, #)

+ non-singlet evolution
> Los Alamos

NATIONAL LABORATORY
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Matching

* onto standard collinear fragmentation functions

h ldzh h [ #h
g (Z quwJ,l'l') Z/ !-711 2, Zh,WJ, )D ( /a#)

zh

FFs: D (2,1) = 86(1 - 2) + 22 P2 (—1)

€

Qg

JQQ(z’z'HwJ’ ) = 6(1 - z)6(1 - zh) + 2,”{ [qu(z)6(1 zh) - PQQ(zh)‘s(l - z)]

1 -2z

+0(1 - 2) [2Cp(1 + z}) (ln(l — z;,)) + Cr(1 — zp) +133,"(zf.)]

—6(1 — 1) [201-“(1 +27) (mil—_zz))+ rorts Z)] } |

MS scheme, anti—k7

—  Full agreement with standard pQCD result Kaufmann, Mukherjee,Vogelsang 15 . Los Alamos

NATIONAL LABORATORY
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Matching

* onto standard collinear fragmentation functions — H
h : dzh h [ #h
g (Z Zlqu,l‘) z !-711 2, Zh,WJ, )D z’/‘$# " NJ:NR
. 1GeV
FFs: Di(am) = 8581 - )+ 3P (-7 )

.. 2 DGLAPs now

Qg

JQQ(z’z'HwJ’ ) = 6(1 - z)6(1 - zh) + 2,”{ [qu(z)6(1 zh) - PQQ(zh)‘s(l - z)]

+6(1 - 2) [2Cp(1 +23) (ln(l — z;,)) + Cp(1 — 23) +133,"(zf.)]

1 -2z

—.—

—6(1 — 1) [201-“(1 +27) (mil—_zz))+ rorts Z)] } |

MS scheme, anti—k7

—  Full agreement with standard pQCD result Kaufmann, Mukherjee,Vogelsang 15 . Los Alamos

NATIONAL LABORATORY
EST.1943
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Matching

* onto standard collinear fragmentation functions

h ldzh h [ #h
g (Z quwJ,l'l') Z/ !-711 2, Zh,WJ, )D ( /a#)

zh

e at the hard scale

doPPUeth X 2pr b dz, L dz. d6,(3, pr, M, 1)
— ab\°: M1 ’77) IJ’ h
dprdndz, s a;/mm fo(a, 1) / - f"(""b’“) i 22 dudz e Zm@l )

» Los Alamos
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Comparison to ATLAS data
at /s = 7TeV

Light charged hadrons A =7+ K +p

Using DSS FFs

de Florian, Sassot, Stratmann -’07
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Comparison to ATLAS and CMS
data at /s = 2.76 TeV

Light charged hadrons A =7+ K +p

Using DSS FFs

de Florian, Sassot, Stratmann -’07
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F(zhapT)
—
<

pp — (jet hF)X, /s = 2.76 TeV
R = 0.4, anti-kr, |n| < 1.6

NLO+LLg
ATLAS

0.1

Zh

doONLO+NLLy, / dONLO

<
ot

35

—t
ot

p—t

Vs=T7TeV, |n| < 1.2
60 < pr < 80 GeV

0.1 1
Zh

> Los Alamos
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0.06
0.04
0.02

0.12

0.1
0.08
0.06
0.04
0.02

0.12

0.1
0.08
0.06
0.04
0.02

D** p+p \s =7 TeV

anti-k R=0.6 lyl < 2.5

25 <p, <30 GeV

o ATLAS
O PYTHIA

.

30 < P < 40 GeV

— theory

50 <p; < 60 GeV

60 < p, <70 GeV

25 < p, < 70 GeV

03 04 05 06 07 08 09

1
7

03 04 ()5 06 07 08 09 1
7

Chien, Kang, FR Vitev, Xing 15 (exclusive FJF) 36

D-meson
jet fragmentation function

Comparison to ATLAS data
and PYTHIA simulations
at /s =7TeV

Using FFs from

Kneesch, Kniehl, Kramer, Schienbein - '08

ZMVNFS, ete” — DX
Ky gy g 2> T
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The Jet Fragmentation Function in ep

* Jet substructure observable for the EIC

* Especially interesting for eA see talk by Alberto Accardi and Ivan Vitev

* Possible to look at high-pr jets at the EIC without observing the scattered lepton

lp — (jet h) + X see also Kang, Metz, Qiu, Zhou "I |, Hinderer, Schlegel,Vogelsang ’1 5
Abelof, Boughezal, Liu, Petriello " 16

6
]_O - [30’ 40] X 104
10%
5 102)
N
e
100 |
1072} EIC, /s = 100 GeV, n integrated
0.01 0.1
z
see talk by Brian Page

QN
Y

jet h

A
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The Jet Fragmentation Function in ep

* Jet substructure observable for the EIC

* Especially interesting for eA see talk by Alberto Accardi and Ivan Vitev

* Possible to look at high-pr jets at the EIC without observing the scattered lepton

lp — (jet h) + X see also Kang, Metz, Qiu, Zhou "I |, Hinderer, Schlegel,Vogelsang ’1 5
Abelof, Boughezal, Liu, Petriello " 16

100 130, 40) 5, 10,
10% - l "
= jet h
E 10% + )
)
=
109 +
p = X
1072} EIC, /s = 100 GeV, n integrated
0.01 0.1
Z
see talk by Brian Page A
* Instead, we can also measure jets analogous to Semi-Inclusive DIS > Los Alamos

NATIONAL LABORATORY
EST.1943
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Recall Semi-Inclusive DIS

Cross section for /p — (hX

Bt Ama® [1+4 (1 —y)? 1—
= [ o) f%(x,z,Q2)+—yyfﬁ(w,z,QQ)]

dedydz Q2 2
h o Q? _Pq __PP / -
p >
Structure functions
dx’ 2 Q>
2
2 [ )2 ) (40
where e.g. Cg;’(o) (x 2, ch—) =0(1—2")6(1 —2")
» Los Alamos

NATIONAL LABORATORY
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Semi-Inclusive Jet Cross Sections

Promote to semi-inclusive jet cross sections

0p s Ciet X
p e sijF

2

o dx’ Z i Q
F:L] t a;' z ,Q Z/ / /,/,L Jf/ (Z_{’w‘]7l'l’2>cf/f (CL‘/7Z/’F)

Hf!

jet

» Los Alamos

NATIONAL LABORATORY
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Semi-Inclusive Jet Cross Sections

Promote to semi-inclusive jet cross sections

Ip — Viet X
pr fJe si|F
o dz’ 2 ; 2
]-"tha:z , Q%) Z/ / /,,u Jf/ <—{,WJ,/L2>Cf/f (x’,z’,%)
ffr " © a
lp — C(jeth)X siFJF
. , 2
ngeth(xvzzfazha Z/ il / /"u g;}/ (z_{’zh’w*]"uz) C}/f (x,’zl’ Q—Q)
I © a
/ 14
g >
jet h
P - X > Los Alamos

NATIONAL LABORATORY
EST.1943
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Semi-Inclusive Jet Cross Sections

lp — Ljet X
siJF
dx’ 2z . Q2

et 2 J 2 i

f;,] Ly 2 7Q Z/ﬂc / Jf/ (?annu)Cf’f (.CU/,Z,,F>
I f!
e Differential in z;
* Fixed order issues
2
LO: Cgq” (w 7, ff—) = 5(1—a/)3(1 - =) T (z,wy) = 6(1 = 2)

NLO: singular functions in both J; and Cj/;

* directly sensitive to the resummation of In R

A
° IRAIamos

NATIONAL LABORATORY
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Semi-Inclusive Jet Cross Sections

lp — Ljet X

1 / 1 / 2
o dx dz T ZJj ; @
'F;,] t(xaszQZ): E :/ 7/ / o f(??ﬁﬂ) Jf’(z/anqu)Cf’f (xlazla 2)
e ZJ

FHf!

 Double Mellin transform and include In R resummation
Stratmann,Vogelsang "0 1, Anderle, FR,Vogelsang " | 2

1 1
/dmN‘lf dzy 2y TV FN (2, 25,Q%) = ) f(N, 1) Jp (Mwy, p1?) Ch (N, M, i)
0 0
£F

A

use evolved si|F:

» Los Alamos

NATIONAL LABORATORY
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Semi-Inclusive Jet Cross Sections

lp — Ljet X
1ol R =06 ep — cjetX | Q>1/R GeV
: R 0.1 <xp <09
%g W >3 GeV
21k 0.05 < y < 0.95
g :
- Vs = 140 GeV:
0.1 | i
10 = E
5|~ ) 1
N -
4 1 .—\ -
— A - ;
© i ]
- V5 =70 GeV 1
0.1 | |
0.1 0.5 pa

<zJ

45
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Semi-Inclusive Jet Cross Sections

lp — L (jet h)X

do.jet h
opis dzjdzp

1

10% ¢

103 :

27 = 0.8 (x100)
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Q >1/R GeV
0.1 <xp <0.9

W >3 GeV
0.05 <y < 0.95

A
° IRAIamos

NATIONAL LABORATORY




Conclusions

Qutline

® Conclusions Kang, FR,Vitey " 16

Kang, FR,Vitev "1 6
Kang, FR,Vitev - in preparation

» Los Alamos

NATIONAL LABORATORY
EST.1943

47



Conclusions

Conclusions

* Inclusive jet observables in SCET
* In R resummation at NLL
* Application to both pp and ep collisions

e Extension to other jet substructure observables
* More detailed studies needed for jet production at the EIC
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